Abstract. Long-term measurements of spectral aerosol optical depth (AOD) using multi-wavelength solar radiometer (MWR) for a period of seven years (from 2002 to 2008) from the island location, Port Blair (11.63 • N, 92.7 • E, PBR) in the Bay of Bengal (BoB), along with the concurrent measurements of the size distribution of near-surface aerosols, have been analyzed to delineate the climatological features of aerosols over eastern BoB. In order to identity the contribution of different aerosol types from distinct sources, concentration weighted trajectory (CWT) analysis has been employed. Climatologically, AODs increase from January to reach peak value of ∼0.4 (at 500 nm) in March, followed by a weak decrease towards May. Over this general pattern, significant modulations of intra-seasonal time scales, caused by the changes in the relative strength of distinctively different sources, are noticed. The derivative (α ) of the Angstrom wavelength exponent α in the wavelength domain, along with CWT analysis, are used to delineate the different important aerosol types that influence this remote island. Corresponding changes in the aerosol size distributions are inferred from the numerical inversion of the spectral AODs as well from (surface) measurements. The analyses revealed that advection plays a major role in modifying the aerosol properties over the remote island location, the potential sources contributing to the accumulation mode (coarse mode) aerosols over eastern BoB being the East Asia and South China regions (Indian mainland and the oceanic regions).
Introduction
Long-term measurements of aerosol characteristics from small islands located in far oceanic regions, yet under the influence of densely populated and industrialized diverse continental landmass, provide an effective means to delineate the impacts from different source regions, aided by favorable airmass types in perturbing the rather pristine oceanic environments through long-range transport (Prospero et al., 1983; Andreae, 1995; Moorthy and Satheesh, 2000; Moorthy and Saha, 2000; Kamra et al., 2001; Li and Ramanathan, 2002; Moorthy et al., 2003) . Such effects also facilitate in quantifying the roles of different aerosol types dominated by natural and/or anthropogenic species, depending on the characteristics of the impacting source regions. The multifarious impacts on climate, coupled with the lack of adequate understanding on the spatio-temporal distribution of the physical and optical properties, make atmospheric aerosols one of the least understood forcing agents of the Earth's climate. Regional climatological aerosol models, depicting the distinct seasonal features, are essential in reducing the uncertainties in the forcing estimates. While the natural aerosols have a major share in global-scale climate forcing due to their distinct dominance and are not amenable to mitigation, the anthropogenic aerosols produce significant regional impacts, depending on the source strength and meteorology. As such, it is essential to delineate the effects of natural and anthropogenic aerosols (ElMetwally et al., 2008) and the island observations are quite suited for this purpose.
Several recent research works have indicated that the aerosols over the Indian landmass as well as over the
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adjoining oceanic regions are likely to have significant roles in the Indian monsoon as well as on the global climate Ramanathan et al., 2005; Menon et al., 2002; Chung et al., 2005; Lau et al., 2006; . Several field experiments have also been carried out to characterize the aerosols over the South Asian region (landmass and oceans) such as Indian Ocean Experiment (INDOEX) , the Arabian Sea Monsoon Experiment (ARMEX-I and ARMEX-II) (Vinoj and Satheesh, 2003; Moorthy et al., 2005) , Aerosol Characterization Experiment over Asia (ACE Asia, Huebert et al., 2003) , Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB and W ICARB) Satheesh et al., 2008; Beegum et al., 2009; Nair et al., , 2009 . Notwithstanding the large number of new findings, all these campaigns have been limited in their temporal coverage, the longest of these being the ICARB and as such, providing only a short sample that is subjected to temporal variations associated with the synoptic and meteorological variables . The only exception to this has been the all-season characterization of aerosols in the southeastern Arabian Sea by Satheesh and Moorthy (2000) and Vinoj et al. (2010) based on extensive multi-year data from the island station Minicoy. Such an attempt, however, does not exist for the Bay of Bengal (BoB), a rather small oceanic region surrounded on more than three sides by densely populated continental landmass, having diverse anthropogenic activities and complex natural features. A few reports, available based on the measurements from this region, are mostly season-specific or species specific Moorthy and Babu, 2006) and mostly serve as case studies. Even though a few papers have appeared recently based on extensive cruise measurements over the oceanic region of Bay of Bengal, they are limited to a given season of the year, and covered a very large oceanic region with embedded heterogeneity. Consequently, the spatial variation gets coupled with the temporal variations. The inferences drawn from those papers Kumar et al., 2010; Kaskaoutis et al., 2011; Kharol et al., 2011; Srinivas et al., 2011; Babu et al., 2012) , though suggestive and valuable in themselves, suffer from the above limitation. In the present study, we examine 7-year of continuous data (constrained by the weather conditions) from a fixed location, and as such offer insights into the climatological features of aerosols which are useful inputs to regional aerosol models. This paper examines the optical and microphysical properties of the BoB aerosols using long-term (seven years) continuous data obtained from the island station Port Blair (PBR, 11.63 • N, 92.7 • E, 73 m a.m.s.l. -altitude above mean sea level) situated in the eastern BoB. From the spectral AOD and near-surface size distribution data, in conjunction with the back trajectory and CWT analyses, we delineate the changes in the climatological features caused by dominant aerosol types associated with distinct continental source regions.
Observational data
Continuous measurements of columnar spectral aerosol optical depths (AOD) and near-surface mass size distribution (MSD) were carried out from the island location Port Blair (PBR), the administrative capital of the Andaman and Nicobar group of islands, a long chain of islands spread from 6 • N to 14 • N and 92 • E to 94 • E in the eastern BoB. The experimental data comprised of columnar spectral AOD at 10 narrow wavelength bands (from near-UV to near-IR, estimated using a multi-wavelength solar radiometer (MWR, Kompalli et al., 2010) along with the total as well as size-segregated mass concentration of ambient aerosols using a ten-channel quartz crystal microbalance (QCM) cascade impactor. The data collected for a period of seven years from January 2002 to December 2008 formed the database for these investigations.
Columnar spectral AODs were regularly estimated using the MWR at 10 wavelength bands centered at 380, 400, 450, 500, 600, 650, 750, 850, 935 , and 1025 nm selected using narrow band interference filters having full-width at half maximum (FWHM) bandwidths of 5 to 6 nm at different wavelengths. A 3-cavity configuration ensured a near uniform transmittance within the pass-band and a sharp reduction in the transmission beyond. The MWR had a field of view of 2 • . Using this instrument, columnar measurements of spectral extinction of direct solar irradiance have been made from which the AODs were retrieved following . More details of the instrument, method of analysis and error budget are given in several earlier papers (e.g. Gogoi et al., 2009 ), while Kompalli et al. (2010) have extensively inter-compared the AODs estimated using MWR with those estimated concurrently using other commercial sun-photometers with very good consistency. Effects of patchy clouds were removed by screening the data using a Student's t-test for a confidence coefficient of 0.99. The estimated spectral AODs corresponded to the daily mean or means for the forenoon and afternoon (FN and AN) parts of the same day, whenever the data spanned over >3 h in the FN & AN parts, or whenever the Langley plots showed a change in the slope from FN to AN. From these individual AOD spectra, the monthly means are estimated.
Concurrent measurements of the mass size distributions (MSD) of near-surface aerosols were made using a 10-channel quartz crystal microbalance (QCM) cascade impactor. The impactor aspirated ambient air (from a height of ∼2 m above the ground level, at a flow rate of 240 ml min −1 ) and segregated the particles in accordance with the aerodynamic diameters into one of its ten size bins. It measured the mass concentration of the particles collected in each stage (m ci ) as a function of particle diameter assuming the particle density (ρ) as 2 g cm −3 (Pillai and Moorthy, 2001 ). As such, it yielded mass concentration in ten size bins, the 50 % lower cut-off diameter of which varied from 0.05 to 25 µm. Even though it directly gives the information about two parameters (the total mass concentration (M T ) and the mass concentrations in each size bins (m ci )), the parameters such as effective radius (R eff ), mass-size distribution, number size distribution, etc. could be derived from these. More details of the instrumentation, analysis and error budget are given elsewhere (Pillai and Moorthy, 2001; Moorthy et al., 2003) .
The Andaman-Nicobar island chain, located ∼1300 km off the east coast of Indian mainland is moderately inhabited (∼0.16 million), with its administrative capital Port Blair (PBR) accounting for ∼45 % of its population. The actual observation site has been on a hillock, 6 km south of the town center and the port, in the premises of ISTRAC (Indian Space Research Organization's Telemetry, Tracking and Command Network) at Dolly Gunj . While most of the human settlement is centered on the Andaman island chain north of ∼10 • N, the South Andaman and the Nicobar islands are characterized by dense forests and vast water bodies, creeks and bays. Thus, it provides a fairly good location for long-term monitoring of aerosols over BoB with considerably low contamination from the local anthropogenic activities.
General meteorology
The station experiences a typical tropical climate with extensive rainfall. The annual distribution of climatological mean monthly total rainfall is shown in Fig. 1 . The distribution showed negligible rainfall during January, with a gradual increase reaching very high values by May when the station receives, on average, ∼500 mm rainfall. This persists until October with varying intensities, thereafter gradually decrease towards December. The average meteorological features revealed weak north-easterlies, relatively low relative humidity (<80 %) and weak rainfall ( Fig. 1 ) from November to April, and strong south-westerlies accompanied by high relative humidity and extensive rainfall during May to September . As such, the study focuses on two seasons, winter monsoon (December through February, WMS) and pre-monsoon (March to May, PrMS). For the remaining two seasons of summer monsoon (June to September, SMS) and post monsoon (October and November, PoMS), the number of data points were less numerous because of adverse sky conditions associated with extensive monsoon rainfall (Fig. 1 ) and the prevailing very high ambient relative humidity, which are not favorable for the MWR and QCM measurements.
The climatological mean (2002 to 2008) synoptic wind vectors at 850 hPa for the oceanic region, derived from NCEP data, are shown in Fig. 2 for the months from January to May. The measurement site is also marked in the figure by a black spot. During the months of January and February, the circulation associated with the low-level anticyclone prevailing over the Indian landmass drives continental aerosols from Indian landmass over to the head BoB (≥15 • N) through strong north-westerlies. Over mid and southern Bay of Bengal, the prevailing stronger easterlies facilitate advection of aerosols from East Asian region. Towards March, the anticyclonic circulation weakens and tends to shift towards the eastern coastal region. Even though the pattern of wind vectors over the entire oceanic region remain similar to the previous month, the magnitudes have reduced. During April, the prevailing winds are very weak over the entire oceanic region (<3 m s −1 ), with weak westerlies over the head BoB. Towards May, the pattern changes completely and strong westerlies/south-westerlies (wind speeds ∼10 m s −1 ) are established over the entire oceanic region. Over Port Blair, strong easterly winds of January change to south-westerlies in May. The observed pattern is in general conformity to the climatological pattern for the region (Asnani, 1993) .
Results and discussions

Climatology of columnar AOD
The temporal variation of the climatological mean (averaged over the seven-year period) spectral AOD over PBR is shown in Fig. 3 . The wide gap from June to October signifies the prevailing persistent cloudy and rainy conditions making the solar extinction measurements impossible. Considering the rest of the period, the climatological pattern revealed a gradual increase in AOD (at all wavelengths) from moderate values (∼0.25 at 500 nm) in November to peak values (∼0.4 at 500 nm) reached by March, followed by a small decrease. Even though the seasonal variation of AOD is more or less similar at other wavelengths, the variation in the spectral dependencies in AOD is not clear from 
Spectral AODs and their wavelength dependencies
With a view to examining the annual and inter-annual variations in AODs and its spectral dependencies, monthly mean values have been estimated from the individual day's measurements of spectral AODs for the study period (2002) (2003) (2004) (2005) (2006) (2007) (2008) and are shown in Fig. 4 . The bar chart depicts the temporal variations of the monthly mean AODs at three wavelengths of 380 nm, 500 nm and 1025 nm (at short and long wavelength ends, besides the mid visible) as representative. In general, AODs were found to vary from 0.15 to 0.4 at 500 nm, with strong seasonal and weaker, yet significant, inter-annual variations. The AOD values remained low during winter months and increased towards the pre-monsoon season (March to May), the pattern being consistent over the years. Being a remote island with subdued human activities, the observed variation would be more associated with transport from other regions. A few recent studies have shown significant contribution of advected aerosols from source regions such as East Asia, eastern coastal India, central India and Arabian Sea, through organized pathways in modifying aerosol characteristics over BoB Vinoj et al., 2004; Satheesh et al., 2006; Moorthy and Babu, 2006) , with consequent signatures on the columnar spectral aerosol optical depth and concentration near the surface. Under such scenarios, it is imperative that the columnar aerosol content would be the resultant of the different aerosol types and would undergo seasonal/temporal changes associated with the advection pathways. This would lead to the spectral variation of AOD to deviate considerably from the simple Angstrom relation,
where τ pλ and β are the spectral AOD and turbidity coefficient, respectively, and depict curvature in wavelength domain (Moorthy et al., 1991; Saha et al., 2005; Beegum et al., 2009 ). This feature of the AOD spectra has been utilized to infer on the dominant aerosol types (e.g. Eck et al., 1999; O'Neill et al., 2001a O'Neill et al., , b, 2002 O'Neill et al., , 2003 Beegum et al., 2009 ).
Following the above, and expressing the AOD-λ relationship using a second order polynomial (King and Byrne, 1976; Eck et al., 1999 Eck et al., , 2001 Reid et al., 1999; Schuster et al., 2006) of the form
where a 0 , a 1 and a 2 are coefficients, with the coefficient a 2 accounting for the "curvature", and taking the first and second derivatives of the Eq. (2), with respect to λ we get
and
where the derivative of α is
The examination of the spectral AODs revealed that the basic shapes of the AOD spectra show contrasting features even within a season or month itself; with a rapid decrease in AOD with λ, resulting in a convex spectral curvature at times and a much slower decrease with λ followed by a weak increase in AOD at longer wavelengths, resulting in a concave spectral curvature (as illustrated in Fig. 5 ) on several other occasions. The dotted lines in Fig. 5 represent the regression fit of the measurement to the first order Angstrom formula (Eq. 1), while the solid lines represent the regression fit to the second order polynomial relation given by the Eq. (2). The corresponding squared correlation coefficients, (R 2 ) are also given in the respective panels separately for winter and premonsoon seasons (the seasons for which the database were strong). It is interesting to note that for both the cases, irrespective of the seasons, the measured AODs fit better to the second order polynomial than to the simple Angstrom relation, as evident from the correlation coefficients. At this juncture, a brief description on the errors and uncertainties on the computation of the derivative of the Angstrom exponent is necessary. Even though the second-order polynomial fit to ln τ versus lnλ has been shown to provide good agreement with measured AODs, in comparison with the simple first order Angstrom fit, this approach is not always valid, especially over pristine oceanic regions with relatively low AODs (<0.2). In such cases, the estimated errors in the coefficients of a 1 and a 2 (Eq. 2) are high Kaskaoutis et al., 2010) . However, as AOD increases (AOD > 0.3 at 500 nm), a drastic decrease in the errors are observed (Kaskaoutis et al., 2010) . In the present study, the measured AODs at 500 nm were in between 0.3 to 0.8 and hence the computed values of errors in a 1 and a 2 remained low and were comparable or lower than the magnitude of AOD. Thus, the observed curvatures in the spectral AODs are significant.
While α is an indicator of the size distribution of aerosols, its derivative, α impart a clearer picture of the possible type of aerosols and in turn the potential sources also. The sign of α in Eq. (5) depends on the nature of the curvature of the AOD spectra, with the positive (negative) values of α depicting a convex (concave) curvature. The positive values of α signify fine/accumulation mode-dominated aerosol size distributions (and as such considered mainly of anthropogenic, biomass burning, urban and industrial origin). On the other hand, negative values of α are characteristic of size distributions with a significant coarse mode or bimodal distributions, with a strong coarse mode typically attributed to mineral dust or sea salt O'Neill et al., 2001b; Beegum et al., 2009) .
Examining the daily mean spectral AODs in the light of the above, it has been found that α ( aerosol columnar size distributions dominated by fine mode aerosols (r < 1 µm), such as from biomass burning or urban/industrial activities (Holben et al., 1991; Westphal and Toon, 1991; Kaufman et al., 1992; Reid et al., 1999; , and 1.0 < α < 2 suggest the prevalence of mixed type of aerosols with significant contributions from both accumulation mode and coarse mode aerosols to the columnar AOD. The top panel of Fig. 6 clearly indicates that the number of occurrences of α values in between 1 and 2 is quite substantial (∼45 % of the total). At the same time, significantly high magnitudes of α (−3 to 3) exemplify the spectral curvatures. This implies that, even though the aerosols prevailing at the site are of mixed type arising from two or more distinctively different sources (either natural or anthropogenic), the relative dominance of these vary rather rapidly. The high scatter of points with poor correlation coefficient (∼0.12) between α and α (in Fig. 7) clearly demonstrates this. Existence of such conditions with contrasting values of α for particular values of α, especially during the transitions seasons with the prevalence of multiple sources, has been reported earlier also (e.g. Beegum et al., 2009 ). However, it is possible to discriminate between different aerosol types from the scatter plot. Coarse mode-dominated size distribution can be distinguished by the negative α values, while the biomass burning and the urban aerosols by the positive values. But, within the interval of 0.5-1.5 for α, urban aerosols can exhibit both positive and negative α values, as they have bimodal distributions with significant coarse fraction due to coagulation, condensation, gas-to-particle conversion and humidification processes (e.g. Eck et al., 2005; Gobbi et al., 2007; Kaskaoutis et al., 2007) . As a consequence, for lower α values the curvature can be positive or negative, exhibiting larger scatter as shown in the figure. From Mie calculations, Schuster et al. (2006) have indicated that the increase in the concentrations of coarse-mode particles reduces α values and dampens its sensitivity to the fine-mode effective radius.
As the measurement location is less influenced by the proximity to any rapidly varying local sources, the observed changes in types of aerosols might have occurred by advection from far-off source regions. As such, concurrent meteorological parameters which favor long-range transport have been examined. The time-series of prevailing zonal (U ) and meridional (V ) components of NCEP-derived daily mean wind vectors for the period of study at 850 hPa are shown in the middle and top panels of Fig. 8 , along with the corresponding α values. Both components depict rapid fluctuations (both in magnitude and direction), and the fluctuations are found to be similar to those observed for α . Another important observation is that the positive values of α are closely associated with easterlies (U < 0) and the negative values are correlated with the corresponding westerlies (U > 0). Further, the magnitudes of the derivatives of the Angstrom exponent are well-related to the amplitudes of the winds (either easterlies or westerlies). Such a one-to-one correlation is lacking in the meridional component. This implies that the values of α remain positive whenever the prevailing winds at the measurement location are south-easterlies or northeasterlies. These winds favor advection of fine/accumulation mode aerosols from the anthropogenic aerosol-laden eastern continental locations, while the westerlies would bring significant coarse mode natural aerosols either from the Indian subcontinent and/or from the vast oceanic regions to the west of the measurement location. Thus, it is clear that the alternating easterlies and westerlies facilitate subsequent changes in the potential advection pathways, and which in turn result in rather rapid fluctuations in the aerosol types at the remote location.
In the backdrop of the above findings, the columnar size distributions of aerosols are examined by numerically inverting the AOD spectra.
Size distributions inferred from spectral AODs
Columnar size distributions (CSD) were retrieved from the spectral AOD following the constrained linear inversion method (King, 1982) by numerical inversion of the integral equation,
where n(r, z)dr is the aerosol number density at altitude z in an infinitesimal radius interval dr centered around r, m is the complex refractive index of the particle, λ is the wavelength of the radiation and Q ext (r, λ, m), the Mie extinction efficiency parameter. Assuming a columnar size distribution, as an equivalent size distribution of the aerosols in the vertical column which, while remaining height invariant, produces the same AOD spectrum as the measured at ground, and expressed as n c (r) = ∞ 0 n(r, z)dz, Eq. (6) can be reduced to a set of simultaneous equations which are to be solved numerically. Several methods are available in the literature for inferring the CSD from AOD measurements at multiple wavelengths; these include the look up table method (Box and Lo, 1976; Box et al., 1981) , the constrained linear inversion technique (King et al., 1978; King, 1982; Saha and Moorthy, 2004 ) and the randomized minimization search technique (RMST) (Anderson et al., 2000) . In the present study, the constrained linear inversion technique was followed. The application of this method to derive columnar size distributions from spectral AODs have been described by King et al. (1978) and King (1982) , and its application to the MWR data have been explained by Moorthy et al. (1991) , Saha et al. (2005) , Beegum et al. (2009) and Gogoi et al. (2009) . Following these, the spectral AOD data have been inverted to obtain the CSDs for all the seven years. In doing so, the wavelength-dependent refractive index of aerosols (for a polluted marine environment) has been used as given by Lubin et al. (2002) , in view of the mixed nature (continental and marine, natural and anthropogenic) of the aerosols over the location. The lower and upper radii limits of 0.05 µm to 5 µm for the particles were considered (in view of the span of wavelengths used in the MWR, Saha and Moorthy, 2004) . In general, a convergence was obtained after four to six iterations and for reasonably low values of the relative Lagrange multiplier, γ rel (<1.0). 
CSDs at Port Blair
Columnar size distributions, retrieved from individual day AOD spectrum, were averaged, after segregating in terms of the spectral curvatures, separately for each of the seasons. The resulting average size distributions are shown in the Fig. 9 for WMS (left panel) and PrMS (right panel).
It is clear from the figure (Fig. 9 , left panel) that during winter season, as α changes from positive to negative, the CSD shows distinct transition from a power-law unimodal (PL+UM) distribution (red) to a bimodal (BM) distribution (black) with a prominent coarse particle mode occurring at higher radii (∼0.8 to 1 µm). In the PL+UM distribution, the primary mode is not explicitly depicted, but rather follows an inverse power-law type of distribution for the small particle regime (r <∼ 0.3 µm) followed by a mode indicated at around 0.5 µm, leading to fine/accumulation mode dominance. In the second case (BM), though the primary mode is not explicit, the slanting nature of the distribution for r < 0.2 µm indicates the possible occurrence of a mode at a radius below the lower limit considered in the inversion, and the secondary mode is occurring ∼1 µm leading to a relative coarse mode abundance. Modes of the distributions have been confirmed using analytical parameterizations. During PrMS, even though BM size distribution occurred for both the cases, the coarse mode abundance is significantly higher when the spectral curvatures were concave. This is evident from the average six-fold increase in the amplitudes of the secondary mode (at 1.0 µm) in the case of concave spectral curvature in comparison with the other. In addition, the primary mode shifted more towards the shorter radius for the cases when the spectral curvatures were convex. Thus, it emerges that the convex spectral curvatures of AOD arise due to the abundance of accumulation mode aerosols in the vertical column. In order to further substantiate the above, the effective radius, R eff , concentration of coarse mode aerosols (N C ) and the concentration of accumulation mode aerosols (N A ) were estimated from each of the inverted CSDs. The seasonal variations of these parameters in Fig. 10 clearly reveal that as the spectral curvature changes from convex to concave, there is a steady increase in the R eff , decrease in N A and an increase in N C for winter. Even though the pattern is similar in PrMS, the increase in N C is quite significant as α changes from positive to negative, and this can negate the effect of the very weak increase in the values of N A during the season. In the backdrop of the above observations, a comparison of the physical parameters estimated from the inverted CSDs is made with the near-surface mass size distributions measured concurrently using the QCM Impactor. Though the near-surface aerosols (those in the well mixed atmospheric boundary layer) need not be fully representative of that in the vertical column, due to possible presence of aerosols layers of different types (for e.g. Satheesh et al., 2008) , they contribute significantly to the columnar abundance and also to the optical depth.
Mass size distributions of near-surface Aerosols
With a view to comparing the size distributions of nearsurface aerosols deduced from the QCM measurements with the CSDs derived from the spectral AODs, the QCM-derived mass-size distributions have been segregated based on the spectral curvature (whether positive or negative) of the AOD and averaged. The resulting climatological average MSDs for the cases of both positive and negative values of α are given respectively in the top and bottom panels of the Fig. 11 . As the QCM measurements were restricted to periods of RH < 75 %, in view of the affinity of quartz to changes in RH at high RH values, the QCM data have been obtained only for the period from December to April.
It is interesting to note the presence of a strong accumulation mode at the particle diameter < 0.5 µm during WMS and PrMS seasons when spectral curvatures in AOD were convex (α > 0). A weaker coarse mode (>2 µm) is also indicated, most probably associated with the ever-present seaspray aerosols in the (marine) atmospheric boundary layer of the island. However, as α becomes negative, there is significant enhancement in the coarse mode concentration at ∼6 µm diameter with amplitude of ∼23 µg m −3 . Along with this, the accumulation mode becomes less conspicuous. These observations are in general conformity with the inferences deduced from the CSDs retrieved from the AOD spectra. This also suggests the prevalence of a general homogeneity in the microphysical properties of aerosols in ABL and those in the column. It may be recalled that based on recent ship-borne measurements from the Eastern BoB during winter season, Moorthy et al. (2010) have reported the prevalence of homogenous vertical distribution of aerosols. This suggests that the aerosols in the ABL are representative of the aerosols in the vertical column. With a view to examining this, even when the size distributions showed intra-seasonal changes, the association between the size distribution parameters derived from QCM and α are examined in the scatter plots in Fig. 12 . It is seen that both R eff and M C (coarse mode mass concentration) depict an inverse relationship with α . Even though the correlation coefficient is weak, (slightly less than 0.5), it is statistically significant. Similarly, the accumulation mode mass concentration M A is positively correlated with α , suggesting the dominance of these small particles in producing a convex AOD spectrum.
Discussion
The inferences drawn from the above observations point towards the intra-seasonal fluctuations of microphysical properties of aerosols at PBR, associated with the similar variabilities in the advection of different aerosol types associated with distinct source regions. With a view to further verifying the above, and to investigate the role of long-range transport towards the observed pattern, 5-day isentropic airmass back trajectories (using HYSPLIT) arriving at the station at the three height levels of 500 m (within the ABL), 1500 m (above the ABL) and 3500 m (in the free troposphere) have been examined during the period of MWR measurements. These have been clustered (Owen, 2003; Beegum et al., 2009) the three height levels together, and the resulting patterns are shown in Fig. 13 . It is evident that the trajectories are mainly either from the east (East Asia) or from the west (Indian subcontinent), even though the regions of overpass varied as we go back in time. As such, the trajectories have been clustered into 4 or 5 groups based on the regions of traverse and the length of the trajectories (back in time), as shown in Fig. 13 . It is clear from the figure that during WMS, and when the spectral curvatures are convex, the trajectories from East Asia dominated with a percentage contribution of ∼75 %, while during the rest of the period the clusters are either from the oceanic regions having proximity to the eastern coastal India or from the Indian subcontinent. On the other hand, during the same season when the spectral curvatures are concave, the contribution from the East Asian region decreases significantly (decrease of ∼25 % of the total) and the Indian landmass contributes as much as 45 %.
During PrMS also, the East Asian region contributes ∼75 % to the total trajectory clusters when the spectral curvatures are convex, the remaining being contributed by the cluster originating from the eastern coastal India. As the spectral curvature tends to concave, an 11 % decrease in the East Asian trajectories has been observed and a new cluster of local origin confined to the oceanic region (most probably sea-salt aerosols) is found to contribute ∼20 % of the total.
It is interesting to note that, even though a relative decrease in the percentage contribution of the trajectories from the East Asia and a simultaneous increase in the percentage from the Indian subcontinent occurs as the spectral curvatures change from convex to concave types, the trajectories from the East Asian continental locations still remain >50 % of the total for both seasons. This hints towards the limitation of the simple trajectory clustering in identifying the potential sources of advection. As such, concentration weighted trajectory (CWT) analysis has been carried out for both the stations at different height levels.
CWT analysis and potential source regions
The advantage of the concentration weighted trajectory analysis (CWT) over the simple trajectory calculation is that it can quantify the regional contribution of each of advection pathways towards the measured aerosol parameters (either mass concentrations or column AOD). It would provide the spatial pattern of the potential sources of aerosols arriving at a receptor location (Seibert et al., 1994; Hsu et al., 2003; Vinoj et al., 2010) . Here, the weights have been given to each of the trajectories arriving at the receptor site on the basis of the mean value of the measured aerosol parameter (AOD in this case). Hence, each grid point gets a weighted value obtained by averaging the data (AOD) measured at the receptor site as the associated trajectory crosses the grid point (i, j ) as
where C ij is the average weighted AOD in the grid cell (i, j ), M is the total number of trajectories, l is the trajectory index, C l is the measured AOD at the receptor location (here Port Blair) associated with the trajectory l, and τ ij l is the residence time of the trajectory l in grid cell (i, j ). The weighted AOD values at each grid thus obtained represent the AOD that can be expected at the receptor site, at any time, if the trajectory were passed through the spatial grid. The CWT analysis has been carried out by grouping the days separately in terms of their spectral curvatures (whether α is positive or negative) at three height levels. The CWT pattern at 1500 m (above MABL), as a representative, are shown in Fig. 14 ; the top left panel clearly reveals that during WMS, when positive values of α are observed, more than 90 % of the trajectories are from the East/Northeast Asian continental locations. Among these, the potential source regions are identified over Bangladesh and Myanmar with source contribution of ∼0.2. Even though a few trajectories were confined to Bay of Bengal and Indian subcontinent, the source contribution remains low (∼0.05). Based on the shipborne measurements from the Bay of Bengal during winter season, Moorthy et al. (2010) have reported the prevalence of high fine/accumulation mode aerosol concentrations (well within the boundary layer as well as in the vertical column) and it is found that the advection from the East Asian continental locations contribute significantly to the observed pattern. As the values of α change to negative, the cluster of trajectories from the Indian subcontinent assumes dominance over the East Asian trajectories. The source contribution by these trajectories remained as high as ∼0.3. Even though significant advection (∼0.1) occurred from the East Asian locations, the effect of this has been rendered low by the extremely high source contribution by the trajectories from the Indian mainland and the size distributions of the aerosol show higher abundance of (natural) coarse mode particles. This is confirmed again from the CWT pattern during PrMS (shown in Fig. 14 bottom panels) . The high source contribution due to the East Asian region contributes significantly to the convex type of spectral curvatures. The East Asian region comprises of continental locations of south China, Mongolia, Korea, etc., where the anthropogenic aerosol concentrations were reported to be very high (e.g. Hsu et al., 2007; Sahu et al., 2009) . However, as the source contribution from the Indian mainland increases from ∼0.05 to as high as 0.30, the spectral curvature of AOD changes to concave (bottom right panel of Fig. 14) .
Thus, CWT analysis revealed that the strength of advection varies intra-seasonally over Port Blair and it in turn causes associated changes in the columnar aerosol size distribution too. These observations unequivocally showed that the advection of significant amounts of coarse mode aerosols from the Indian mainland contributes significantly to the coarse mode in the columnar size distribution and leads to concave spectral curvature at PBR, while the accumulation mode aerosols advected from the East Asian regions are responsible for the convex spectral curvatures. In other words, the increased advection from the Indian mainland reverses the columnar size distribution from an accumulation modedominated one to a bimodal distribution with a strong coarse mode dominance (contributed by natural aerosols).
In this context, it is also interesting to note that, synthesizing the optical, chemical and physical properties of aerosols measured over the BoB during the ICARB 2006, have reported higher anthropogenic fraction to the AOD over the southern BoB compared to the northern BoB, where advection from the Indian mainland across the Indo Gangetic Plain dominated. Based on chemical analysis of aerosols and solubility of iron (Fe), Kumar et al. (2010) have reported that the outflow from the Indo-Gangetic Plain to the north BoB resulted in higher abundance of aerosol Fe (iron, which has undergone chemical processing by dust aerosols), which in turn indicated the increased amount of advected mineral dust. In contrast, over the southern BoB, where the outflow was from the South-East Asia, enhanced fractional solubility of Fe, associated with the lower abundance of dust and dominance of combustion sources (biomass burning and fossil-fuel), was observed. This lends further support to our inferences.
Conclusions
Inferences on the climatology of aerosol optical depth, its spectral dependence and size distributions of aerosols near the surface have been made, for the first time, with the help of long-term (∼7 years), concurrent measurements from the island station Port Blair, in the far eastern Bay of Bengal.
Changes in the microphysical properties of aerosols associated with the changes in the source impacts caused by changes in the advection pattern are delineated, and the regional source contributions are apportioned. The major findings are:
1. AODs were found to vary from 0.15 to 0.4 at 500 nm with strong seasonal and weaker, yet significant, interannual variations. The climatology of the monthly mean spectral AOD revealed a continuous increase from January to reach a peak value of ∼0.4 in March and thereafter a decrease towards May.
2. Significant curvatures were observed in the relationship between lnτ pλ versus lnλ, with intra-seasonal fluctuations in the derivative of the Angstrom wavelength exponent (α ) where α is found to vary between highly positive and negative values in short time scales, even within a month, and the positive values of α are closely associated with easterlies and the negative values with westerlies.
3. The inverted columnar size distributions were also found to vary intra-seasonally between the powerlaw unimodal/bimodal distribution, with significant fine/accumulation mode aerosols when α > 0 (convex spectral curvature) and a bimodal distribution with comparatively higher amplitude of the secondary mode when α < 0 (concave spectral curvature). The retrieved parameters from the columnar size distributions were in conjunction with the above. As the spectral curvature changes from convex to concave, there is a steady increase in the effective radius, decrease in accumulation mode number concentration and an increase in coarse mode number concentration for winter.
4. Similar periodic variations in the size spectrum were also observed in the near-surface measurements of mass size distributions, which in turn confirm the intraseasonal periodicities in the microphysical properties of aerosols at the measurement site.
5. The potential advection pathways have been identified by the trajectory cluster analysis and the concentration weighted trajectory analysis (CWT). It has been observed that the highest potential source for anthropogenic aerosols at Port Blair is East Asia when the spectral curvatures were convex (positive values of the derivative of the Angstrom exponent, α ), whereas when the spectral curvatures were concave, the potential source of advection was from the Indian subcontinent. While the advected aerosols from the Indian subcontinent lead to natural aerosol dominance, those from the East Asian regions result in anthropogenic aerosol dominance at the receptor location, Port Blair.
